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Year 1 - Executive Summary

The OSPRES (ONR Short Pulse Research, Evaluation and non-SWaP) program
performed fundamental work in the areas of Silicon (Si) and Gallium Nitride (GaN) based
photoconductive switch development, measurement of HPM waveform dependent effects
on small unmanned aerial vehicle (SUAV), adaptive design of experiments, noise
injection,RF c o u p | i n gninimally diggeksi@veaye theory, and positive feedback
non-linear transmission line (NLTL) development. The report that follows summarizes the
progress made in each of the above sub-areas during Year 1. Some of the most notable
achievements are listed in Figure ES1.

The photoconductive solid state switch (PCSS) subgroup continuously worked to develop
a fundamental understanding of the limitations of Silicon and Gallium Nitride based
photoconductive switches and their application to pulsed power, in light of historical
achievements in the field. With an estimated 2 megawatts (MW) peak power generation
(benchtop equivalent), the Si-PCSS subgroup has succeeded in achieving one-third of
the peak power required for an individual element in the envisioned phased array required
to meet the mission needs. Si-P C S Shage been integrated with a rapid charge capacitor
system and pulse forming transmission lines for pulse testing. Si-PCSS hold-off voltage
has been pushed to >6-kV with 3-kV output pulse moving closer to the project goal of 10-
kV hold-off. Currently, thermal mitigation issues are the primary issue plaguing the Si-
PCSS group. Cooling system designs are changing weekly and progressively moving
towards a goal of 500-W/cm? cooling capacity.

UMKCO6s effects team hdewlppedoavcastom UAVenodeladfas RF y e ar
effects testing, written code for the automation of testing, and researched the areas of an

adaptive design of experiments (DoE) and noise injection. The adaptive DoE was

developed to refine/inform optimum source parameters that will result in known effects on
sUAVG6s and further i nftumabke HPM systemewgtucontra overnt s f o
the policy desired levels-of-lethality. The effects team has also traveled to multiple test

locations over the last four months performing over 1300 effects tests with the custom

UAV and are beginning to analyze data for trends in source parameters and sUAV effects.

The adaptive DoE and noise injection projects are discussed within this report, the effects
analysis/trends are presented in the contract portion of the reports/program.

UMK CO6 s GimiNatiads/modeling subgroup has made progress in optimizing GaN:C
for a high power, high repetition rate solid state switch. During year 1, they have computed
electronic structure properties of GaN:C including the optical and symmetric band
structure of GaN:C. They have obtained the software to perform GaN-PCSS device level
calculations to model optical absorption, hold-off voltage, and thermal dissipation relevant
to determining the optimum design of a GaN:C based PCSS.
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The RF coupling subgroup has used Characteristic Mode Analysis (CMA) to
computationally quantify electromagnetic coupling and interference to UAV frames over
the L-band and S-band and validated CMA coupling predictions using experimental
measurements. Also the RF coupling group has reviewed the most common sUAV
shapes, sizes, material compositions, and electronics commercially available and
devel oped a table of occurrences and frequenc

The Positive Feedback NLTL group has developed a positive feedback power amplifier
coupled with a nonlinear transmission line generating ones-of-kW power RF pulses in a
closed-loop network coupled with a 9-section 1200 V rated schottky diode NLTL. They
have performed several closed-loop experiments at low voltage level within a frequency
range of 5 to 70-MHz and achieved continuous RF signal outputs with positive gain at
different stages of the NLTL.

Preliminary results of the Focused Wave Mode (FWM) group suggest that EM pulses with
smaller rise times can effectively launch electromagnetic waves whose time-average
power density shows minimal spatial decay contrary to the standard 1/r> decay of EM
waves. They designed and simulated low-profile, ultra-wideband micro-strip patch
antennas to demonstrate the potential of launching low dispersion EM waves with results
demonstrating the feasibility of short EM pulses for c-sUAV ranges relevant to the project.

Also, the UMKC HPM group has stood up a research facility with its own Gigahertz TEM
(GTEM) testing platform. Reconstruction and security issues have been integrated,
facilitating source and effects testing in a secure environment. With the GTEM, Si-PCSS
based HPM testing will transition from benchtop testing to a controlled environment with
SUAV targets.

10
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OSPRES 2017-2018

Accomplishments
Q1 Q2 Q3

* DoEO0 test plan (May)

> Krograim otartSept . Silicon PCSS holdoff

2017 * Laserand RCC

+ GaN-PCSS Switch synchronization (Jan) voltage 6kV
device cooling design + Si-PCSS parameters 0 PNCI)aEy)O - 192tests NRL
(Nov) identified (Feb) i

« EHT RCC delivered + Bldg 71 renovation plan
(Dec) (Apr-May)

Q4

+ Si PCSSimproves
recovery time w/
irradiation

* DoE 0 —1282tests
NSWCDD/NAWSCL
(Sept)

+ GTEM installation (Aug)

* Review at UMKC (Sept)

Sept
2017

Figure ES1

Oct Nov Dec Jan Feb Mar Apr May Jun Jul

Aug Sept
2018

. Notable achievements and progress of OSPRES program by quarter.
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Annual Reporti Technical Areas Research Summary

1) Photoconductive Switches

A. Fundamental PCSS Development
Overview

The fundamental photoconductive solid-state switch (PCSS) development subgroup has
focused primarily on optimization of the Si-PCSS hold-off voltage, on-state resistance
(Ron), and recovery time. The effort on these three areas has been dedicated to
developing a better understanding of the underlying physics governing the metrics, and
collecting the experimental data necessary to improve upon them. Figure 1 provides a
summary timeline of our progress over the reporting year.

~
Device hold-off to 5.5kV © Recovery time
i i ts of electron-
Si-PCSS t achieved with RCC charger measurements
CIFD simu‘l):trig:se Oefrcsoza”:r:]eg Challenge identified with Irradlate_d devices o
chambers leakage during charging 0 Evgluatmn of D(_: _blasmg
EL system development Breakdown isolated primarily for improved efficiency
to corners and device edges J
using EL
Apr
2018
O @ @ @ @ @ {
Sept
2017 Sept
2018
c CFD simulations of Venturi-
Ve style cooling system
L . TCAD hold-off simulations .
(E)I_-||T F:]CC val[lidatlo? Exploration of alternative Ibncreasec[i‘ voltzg? hc:lc_ilng
I-submerged cooling passivation techniques for E:;;:;on ary dielectric
. i d hold-off
nereaseaneiee Voltage hold-off >6kV
achieved

Figure 1. Summary timeline of fundamental Si-PCSS development from September 2017
through September 2018.

Initial efforts from UMKC on fundamental Si-PCSS development centered on mapping
the available device parameter space for optimization. Considered parameters were
broken into two major categories: (1) device design (passivation, doping profiles,
contacts, geometry) and (2) optical coupling (wavelength, coherence, pulse width, angle
of incidence, anti-reflective coatings, and incidence profile). Considering the state of the
technology and the ability of our team to execute on characterizing device parameters,
we concluded that hold-off voltage, on-state resistance (Ron), and recovery time were the
most critical performance metrics and accordingly prioritized improving passivation,
doping profiles, and device geometry in addition to modeling Ron and carrier
recombination.

12
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Simulation and Modeling

The simulation and modeling effort focused on improving the Si-PCSS design for
increased hold-off voltage and opto-electrical modeling of static and transient behavior of
the devices. Successes in these areas have been modest as team members develop the
foundations in simulation and modeling of photoconductive switches.

Hold-off Voltage

A large number of TCAD simulations were conducted exploring various device
parameters that control hold-off voltage. These parameters included device thickness,
doping profile and junction depth, edge beveling, and metal contact geometry.
Conclusions from these simulations are to be interpreted as relative changes in hold-off
voltage, rather than absolute due to challenges in accurate modeling of surface effects
such as dangling bonds, inversion layers, and surface topology. Despite these limitations,
we believe the following conclusions can be made from simulations of Si-PCSS device
breakdown voltage: (1) increasing device thickness increases hold-off voltage, (2)
decreasing the doping profile gradient increases device-hold off voltage, (3) edge-
beveling at the optimal angle reduces peak electric fields at the junction surface, and (4)
extending the soldered contacts over the edge of the device improved device hold-off.

The simulations conducted on device thickness and extending the doping profile served
as a litmus test to confirm our expectations. However, the results for both of these were
surprisingly more extreme than expected. For example, a 200-um increase in thickness
resulted in nearly a 3-kV increase in breakdown voltage. Similarly, when comparing
square, Gaussian, and exponential doping profiles, a 500-V and 1-kV increase in hold-off
resulted from the exponential profile when compared to the Gaussian and square profiles,
respectively.

Regarding edge-beveling simulations, the resulting hold-off voltage was virtually
negligible, although there was a clear reduction in peak electric field at the junction
surface. The lack of an associated increase in hold-off is believed to be due to limitations
of TCAD in accurately simulating surface phenomena. This will soon be confirmed
experimentally, as Radiation Detection Technologies (RDT) has recently delivered
devices with a 45° bevel for experimental evaluation.

Extending the contacts over the edge of the device was perhaps the most surprising result
from simulation, indicating that a simple change in packaging improves the hold-off
voltage by moving the peak electric field points away from the device junction where it
may be mitigated via dielectric encapsulation, per Figure 2. This also confirmed the recent
success in hold-off voltages with devices with extended contacts, between which was
filled with a second passivating epoxy.

13
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Figure 2. TCAD simulations of edge beveling at 25°,45°,65°,90° and (a) 90° with the contacts
extending the contacts over the device edge., and (b) 90° with contact extension.

Opto-electrical Modeling

The opto-electrical modeling effort began with an analytical model of the photo-carrier
generation as a function of incident light in order to better understand the laser
requirements for the Si-PCSS system and the effects of free carrier absorption on Ron.
The free carrier absorption only contributed to the transmittance of light through the
heavily doped N-type region (device window). At doping concentrations above
approximately 5x10'° cm free carrier absorption resulted in less than 30% of the light
entering the intrinsic region. Alternatively, below concentrations of 1x10%° cm3, 70% of
the incident light makes it through to the intrinsic region.

However, the modeling conducted so far is limited in its ability to accurately represent the
Ron of the Si-PCSS system during pulse testing because it does not incorporate any
transient carrier drift or diffusion. In effect, we are able to calculate changes in on-state
resistance, but not absolute.

Over the coming months, UMKC will emphasize transient modeling of the Si-PCSS
devices by first incorporating drift and diffusion into the model, followed by simulation of
the pulse forming networks used during device testing.

Device Characterization

Breakdown Characterization

The Si-PCSS hold-off voltage has been improved by nearly six-fold (to over 6 kV) over
the course of year one. The improvement was achieved in two ways: (1) by reducing the

14
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duration of the high-voltage via the Eagle Harbor Technologies Rapid Capacitor Charging
System (RCC), and (2), by the use of two-layer passivation using a junction-grade
polyimide combined with a dielectric epoxy, informed in part by electroluminescence
studies at UMKC.

To better understand the causes and mechanisms of device breakdown, UMKC designed
and built an electroluminescence system to conduct reverse bias electroluminescence
(ReBEL). The system was programmed in LabVIEW using a general purpose data
acquisition system from LabJack, high voltage power supplies, and an Apogee F8300
camera. A photo of the final system is shown in Figure 3.

1000 1200

Voltage (V)

Figure 3. Electroluminesence system developed at UMKC for avalanche breakdown evaluation:
(a) photo of electrolumenesence system from user perspective, (b) photo of Si-PCSS under
test. (c) electroluminesence image overlay of breakdown occuring on corner edge of Si-PCSS,
as indicated in red, and (d) Si-PCSS IV curve during ReBEL test.

Results of the electroluminescence studies on various Si-PCSS devices indicated that

the passivation failure occurred primarily at the corners and edges of the Si-PCSS
devices. To overcome this limitation, RDT improved their passivation material, application

15
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process, and added a secondary dielectric coating using a high dielectric strength epoxy.
The result of these efforts are shown in Figure 4, during which a Si-PCSS device was
pulsed at a voltage increments of approximately 100 V, until failure was detected at 5.6
kV. Future efforts to further enhance hold-off voltage include evaluation of beveled
devices and additional passivation materials including SIPOS. RDT has recently
fabricated 7-cm wide devices with a beveled edge which will be evaluated and reported
on during year two.

Figure 4. High voltage breakdown test (hi-pot) using the EHT RCC for short duration hold-off
(~200ns FWHM). Si-PCSS system was tested in approximately 100-V increments up to a
voltage of 5.6 kV before breakdown was detected. The 5.6-kV test was repeated resulting in
breakdown at 3.87 kV during the pulse rise. Subsequent tests were conducted at 1.77 kV during
which breakdown was not detected.

Recovery Time

During early testing, the Si-PCSSs were limited to continuous operation at a charge
voltage of a few hundred volts. This was believed to be primarily due to DC charging
combined with long recovery times leading to excessive heating immediately after
switching. This occurred when the DC charger, including its internal charge storage,
immediately began recharging the transmission line, resulting in a large leakage current
due to still-present charge carriers.

The RCC was expected to overcome this limitation by pulse charging the transmission
line after the switch had recovered, but before the subsequent laser pulse. However, upon
evaluation of pulse-charging, we determined that the long recombination of carriers in
silicon still caused substantial heating, but the leakage period had shifted to just prior to

16




































































































































